In this Article, the temperature-dependent magnetic properties of CuAgSe pellet sintered from surfactant-free CuAgSe nanoparticles synthesized by a wet chemistry method were investigated in the temperature range of 4-300 K. A magnetic transition between diamagnetism and weak ferromagnetism is observed at around 60-70 K. The results from magnetic measurements under different machines/magnetic fields, roomtemperature X-ray photoelectron spectroscopy, and temperature-dependent nuclear magnetic resonance all demonstrate that this magnetic transition is an intrinsic property rather than an effect of impurities. Combining these results with temperature-dependent neutron diffraction, the origin of the weak ferromagnetism is ascribed to a structural crossover-induced canted antiferromagnetism and possible deviation of Cu valence. The transition is strongly dependent on the sintering temperature and pressure, which could induce the structural phase transition. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 ABSTRACT: In this paper, the temperature-dependent magnetic properties of CuAgSe pellet sintered from surfactant-free CuAgSe nanoparticles synthesized by a wet chemistry method were investigated in the temperature range of 4 -300 K. A magnetic transition between diamagnetism and weak ferromagnetism is observed at around 60 -70 K. The results from magnetic measurements under different machines/magnetic fields, room temperature X-ray photoelectron spectroscopy, and temperature dependent nuclear magnetic resonance all demonstrate that this magnetic transition is an intrinsic property rather than an effect of impurities. Combining these results with temperature dependent neutron diffraction, the origin of the weak ferromagnetism is ascribed to a structural crossover induced canted antiferromagnetism and, possible deviation of Cu valence. The transition is strongly dependent on the sintering temperature and pressure, which could induce the structural phase transition.
Introduction
During past decades, nanoscale metal chalcogenides have attracted considerable attention due to their great potential in diverse applications, ranging from energy conversion and storage to in vivo imaging and therapy. [1] [2] [3] [4] Compared with binary chalcogenides, ternary and quaternary chalcogenides offer a broad spectrum for tuning their intrinsic optical, electronic, and magnetic properties for diverse applications. For example, engineering Cu 2-x Se nanostructures with Ag + and Fe 3+ ions into ternary chalcogenides have been demonstrated to be an important strategy to improve their electronic conductivity, [4] [5] [6] and to induce interesting magnetic property. 7 One typical bimetallic ternary chalcogenide is semimetal CuAgSe, which has been intensively investigated as an important thermoelectric material, due to that it not only displays enormous carrier mobility at room temperature, but also exhibits superionic characteristics after a phase transition at 460 -470 K arising from the liquid-like behaviour of Cu + and Ag + ions in the rigid Se lattice. 5, [8] [9] [10] [11] Along with the phase transition, CuAgSe shows a reversible temperaturedependent conductivity transition from n-type to p-type, as evidenced by the change in the Seebeck coefficient. This interesting transition is associated with a change in the band structure due to the phase transition. 5 It also shows the giant magnetoresistance (GMR) effect. 5, 8 All these unique features originate from its unique structure, which makes CuAgSe attractive for further investigation of its intrinsic properties such as magnetism which has not been investigated yet.
For example, an interesting low temperature phase transition at around 60 -70 K was observed. 5 In order to further reveal the nature of this low temperature phase transition and its effect on magnetic properties, the temperature dependent magnetic properties were investigated by nuclear magnetic resonance measurement and temperature dependent neutron diffraction in the range of 4 4 -300 K. The results demonstrate that ternary CuAgSe semimetal shows diamagnetic properties at room temperature, and a magnetic transition between diamagnetism and weak ferromagnetism when the temperature reaches 60 -70 K. Understanding this unusual magnetic transition provides significant insights into the complexity of the relationship between structure and properties, which could be used to tune the intrinsic magnetic property of metal chalcogenides.
The work is complementary to the magnetic property of ternary chalcogenides, which is usually induced by introducing magnetic ions.
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Results and Discussion
As shown in Figure 1 (a), in a magnetic field of 100 Oe, an obvious abrupt decrease in the magnetic moment from 2.1 × 10 -3 to 0 emu/g at 63 K as the temperature increases from 4 K to 300 K (i.e., the field heating process) was observed in the sintered CuAgSe pellet. This behaviour of the magnetism is actually reversible as the temperature decreases from 300 K to around 60 K. The magnetic field dependence of the magnetization, M -H, at 300 K and 10 K are presented in Figure 1 (b), where pure diamagnetism and mixed diamagnetism/weak ferromagnetism are observed in CuAgSe at 300 K and 10 K, respectively. Below the transition temperature (60 -70K), the ferromagnetism is strong enough to be dominant compared with its diamagnetism, while above this temperature (60 -70 K), the ferromagnetism is disappeared, and the diamagnetism becomes dominant. Moreover, the magnified M-H curve recorded at 10 K in a magnetic field of -0.2 -0.2 T was shown in Figure S1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 moment (M s = 0.038 emu/g), it does show the hysteresis loop and coercive force (H cm ) of 10 Oe, which demonstrates the weak ferromagnetism at 10 K. To further confirm the reliability and reproducibility of the above magnetic transition, parallel samples were prepared in the same way, and the same magnetic properties were observed using different sample holders and measuring systems (as described in the Experimental part of Supporting Information). The typical result in Figure S2 (c) in the Supporting Information clearly
shows an obvious magnetic transition at around 60 K in the field cooling (FC) curve, which was obtained by using alumina sample holder and measuring with a different PPMS in a magnetic field of 1000 Oe. Moreover, with the external magnetic field increased from 100 Oe to 1000 Oe, the magnetic moment at around 10 K increased from ~10 -3 to ~10 -2 emu/g. These results prove the intrinsic and reliability of our magnetic measurements, and exclude that the magnetic transition between 60-70 K is originated from sample holder. To further demonstrate the intrinsic magnetic transition and exclude the magnetic contribution of impurities, the samples were also subjected to a full characterization by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) to ensure their purity. The occupancy of Cu in each subcell has increased due to the shrinkage of the b and c lattice parameters, represented by the decreased white part in the Cu position.
As illustrated in Figure 2 Figure 2 (c), and it could be indexed with these two phases (JCPDS 10-0451 and JCPDS 25-1180). 13 Our attempt to refine the pattern using the aforementioned atomic positions and structures failed due to the extreme complexity of the real supercell structure and inaccurate atom positions.
But some basic information could be confirmed from the refinement process. For the room 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 temperature structure of CuAgSe, the supercell could be ascribed as a single phase with pure The purity of the sample was also identified by the room temperature XPS analysis, which is shown in Figure S3 implying that all the Cu is in the +1 valence state, e.g. there is no sign of an oxidation state. 18 Ag and Se are in the +1 and -2 valence states, respectively. 18 The absence of peaks from Fe 2p and Si 2p, whose characteristic binding energies should be at around 710 eV (for Fe 2p3/2) and 100 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 temperature of the change in magnetization, as shown in Figure 1(a) . The inset of Figure 3(a) shows the field-swept NMR spectra measured at 4.3 K and 130 K, and no spin-echo peak shifting is observed between these two temperatures. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 respectively], non collinear canting (or spin canting) is quite normal due to the perturbance of these defects. As for spin canting, different canted states may be separated by very low energy barriers; magnetic fluctuations can take place at low temperatures. 22, 26 However, the relationship between magnetic moment and canted angle (or canted model) is hard to calculate due to the lack of detailed structural information. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The anisotropic lattice change could also lead to formation of spin-canting. 27-29 The temperature dependent first order differential of lattice volume plotted in Figure 4 (d) should be fitted with polynomial. 30 If it is fitted with only one curve, the best fitted unified curve 
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